Mechanisms of plasma membrane protein degradation: Recycling proteins are degraded more rapidly than those confined to the cell surface (biotinylation/membrane compartmentation/membrane turnover) JAMES F. HARE AND KARYN TAYLOR Department of Biochemistry and Molecular Biology, Oregon Health Sciences University, Portland, Communicated by Eugene P. Kennedy, April 1, 1991 ABSTRACT Plasma membrane proteins of intact mouse 3T3 fibroblasts and H4-H-E-C3 hepatoma cells were separated into two groups based on their compartmentation between the cell surface and an intracellular compartment accessible at 20°C but not at 0°C. One group was derivatized at 0C with sulfosuccinimidyl 2-(biotinamido)ethyl-1,3-dithiopropionate but not at 20°C. The second group was derivatized at 20'C as
well as at 0°C. Derivatized proteins were isolated from 35g-labeled cells on streptavidin/agarose and resolved by twodimensional PAGE. With few exceptions, pulse-chase experiments revealed that those proteins confined exclusively to the cell surface turned over slowly (til2, >75 h), while those bimodally compartmentalized between the cell surface and the 20'C accessible compartment were degraded more rapidly (t, <31 h). These observations suggest a mechanism to explain the varied metabolic stability of plasma membrane proteins in which the half-life of each protein is determined by the proportion of time spent in the endocytic compartment.
Proteins expressed at the surface of cells are degraded at different rates (1, 2) . Changes in the stability of plasma membrane proteins may form the underlying basis for certain forms of cancer, diabetes, and other diseases. In most cases, cell-surface-expressed proteins must internalize into the cell for degradation to occur, since endosomes and lysosomes have been implicated in their proteolysis (reviewed in ref. 2) . Possible explanations for differential stability of plasma membrane proteins include the following: (i) Each possesses an inherent susceptibility for selective removal from the membrane. This susceptibility is based on a structural feature of the protein that controls its protease sensitivity, rate of diffusion, or some other physical characteristic. (it) Rate of turnover is simply a consequence of individualized recycling rates: rapidly degraded proteins recycle more frequently or spend a greater portion of their life-span inside the cell, thus exhibiting a greater probability for interaction with lysosomes, intracellular proteolytic enzymes, or membrane fission/fusion events. Support for the latter notion stems from the relatively rapid degradation rate for receptor proteins (tl2, 2-20 h ), known to undergo frequent recycling between the cell surface and endosomes (3), compared to other membrane glycoproteins readily visualized by surface-labeling methodologies (tl2, >50 h) (4, 5) .
To differentiate between different mechanisms of membrane turnover, we have adapted the recently described biotinylation/recovery assay (6) (7) (8) to analyze the degradation and recycling rates for a large number of plasma membrane proteins. In this method, metabolically labeled cultured cells are derivatized at either 0°C or 18°C-20°C with a membrane impermeant, biotinylating reagent. Only cellsurface proteins are derivatized at 0C, while at 20'C plasma membrane proteins in an intracellular compartment, accessible to the medium only at the higher temperature, become derivatized (7, 8) . Cells derivatized at 20'C are then exposed to glutathione or avidin at 0C. Proteins resistant to stripping off or blocking surface biotinyl groups from cells derivatized at 200C are those plasma membrane proteins that are in an intracellular compartment not accessible to the cell surface. Proteins are recovered for analysis by affinity isolation on streptavidin/agarose and are released from the biotinyl group on the solid support by disulfide bond reduction (Fig. 1) . In this case, we have analyzed the degradation rate and extent of intracellular compartmentation for a large number of surface-exposed plasma membrane proteins on fibroblast and epithelial cell lines. We find that, with perhaps only four exceptions, 35-40 proteins restricted to the cell surface are slowly degraded. On the other hand, plasma membrane proteins bimodally distributed between cell surface and endosomal pools are degraded with half-lives of 31 h or less. These results strongly support a mechanism of plasma membrane protein turnover in which the frequency of protein recycling between the cell surface and intracellular pools determines the stability of the protein. 27 gauge needle (5-10 times) until >90% of the cells were broken. The broken cell suspension was then centrifuged at 1000 X g for 3 min to remove nuclei, and the postnuclear supernate was centrifuged at 100,000 X g to remove membrane. Membrane was resuspended to 1.0 ml in 0.25 M sucrose/0.01 M Tris HCl, pH 7.4, sonicated for 30 s, and recentrifuged as described above. In all cases, membranes were resuspended in 1 ml of solubilization buffer (1% Triton X-100/0.1% bovine serum albumin/0.5% sodium deoxycholate/0.1% SDS/10 mM EDTA/1 mM phenylmethylsulfonyl fluoride/1i g ofleupeptin per ml/0.02 M Tris HCl, pH 7.5) by sonication until clarified. Solubilized membranes were kept frozen overnight, thawed quickly at 37°C, and then recentrifuged. One microliter of this supernate was removed, and total cpm in this fraction was estimated by scintillation counting. The remaining supernate was kept at 4°C with end-over-end rotation for 6 h with 25 ,ul of streptavidin/ agarose (Sigma). The agarose beads were centrifuged for 15 s on a microcentrifuge. At this time the beads were washed by consecutive resuspension, incubated 30 min with constant rotation, and centrifuged in solubilization buffer; solubilization buffer was adjusted to pH 9.0 with 0.05 M Na2CO3 and to pH 4.0 with 0.05 M sodium acetate. Streptavidin/agarosebound proteins were further washed by resuspension in solubilization buffer supplemented with 0.5 M NaCl and in solubilization buffer diluted with 10 vol of water. Washed beads were finally resuspended in 50 Al of two-dimensional gel solubilization buffer (11) .
MATERIALS AND METHODS
Electrophoresis. Solubilized streptavidin/agarose-bound proteins from unbiotinylated cells and from cells derivatized in the absence of chase were diluted so that the volume was proportional to the number of cpm present in solubilized membrane preparations for each sample prior to the streptavidin/agarose binding step. For samples chased for 1 or 25 h, samples were resuspended in 50,ul of sample buffer and the total cpm in each sample was estimated by counting a small aliquot prior to electrophoresis. Thirty microliters of each sample was separated in two dimensions by isoelectric focusing (IEF) (11) and SDS/PAGE in 10%6 acrylamide/0.27% bisacrylamide (12) . The gels were fixed, treated with Fluoroenhance (Research Products International) according to the manufacturers' instructions, and exposed at -80°C to Kodak XR-5 film. Identified spots on the developed x-ray film were used to locate the appropriate spot on the dried gel and the excised gel punches were incubated individually in glass scintillation vials with 0.3 ml of 30%o hydrogen peroxide and 0.1 ml of 60% perchloric acid overnight at 50°C. Solubilized gel was diluted with 10 ml of scintillation fluid and assayed on a liquid scintillation counter.
Calculation (6) (7) (8) 13) , proteins from hepatoma cells derivatized with NHS-ssbiotin can be isolated on streptavidin/agarose beads (Fig. 2) . Proteins that are nondifferentially adsorbed onto streptavidin/agarose from underivatized cells (Fig. 2C) from consideration of compartmentation/turnover. It is unlikely that these latter proteins all contain endogenous biotin since only four biotinylated proteins are present in eukaryotic cells (14) . To identify proteins that are confined to the cell surface, dishes ofcells were derivatized at 0°C or 20°C. Those proteins that were absent from IEF-SDS/PAGE resolved proteins after glutathione stripping at 0°C (Fig. 2B) or avidin treatment at 0°C (results not shown) are restricted to the cell surface. These are indicated in Fig. 2A (arrowheads) . Five of the most abundant of these cell-surface-restricted proteins were removed from polyacrylamide gels of proteins from both 0°C derivatized and 20°C derivatized/glutathione-stripped cells. Scintillation counting showed that 89o or more of the cpm in this group of proteins was removed by glutathione treatment. A second group of proteins appear in significant concentrations on two-dimensional gels of membranes from glutathione-treated cells and are shown in Fig. 2B (large arrowheads). The cpm remaining after glutathione stripping ranged from 26% to 56% of total cpm recovered from 0°C biotinylated plus that recovered from stripped cells. In contrast to the first group of cell-surface-exposed proteins, this group exhibited a large intracellular pool as well as a cell-surface pool and were thus bimodally compartmentalized in the cell.
To determine whether the intracellular pools of bimodally distributed proteins were localized to the plasma membrane, cells were 
DISCUSSION
The results demonstrate a relationship between the compartmentation and stability ofplasma membrane proteins. In both fibroblast and epithelial cells, proteins restricted to the cell surface are slowly degraded while proteins localized at steady state to a compartment resistant to avidin/glutathione treat- Table 1 . Half-lives of hepatoma cell plasma membrane proteins confined only to the cell surface or bimodally distributed between the cell surface and endosomes (derivatized at 20°C prior to stripping away biotinyl groups with glutathione at 0°C) 7  180  8  517  9  581  10  836  11  128  12  132  13  189  14  244  15  273  16  648   250  433  256   200   157  143  224  417  287  852  268  154  208  141  406  990   >100  >100  >100  >100  98  >100  >100  79  24  >100  >100  >100  >100 30 >100 >100 113  7  118  8  194  9  386  10  87  11  65  12  127  13  87  14  179  15  203  16  165  17  159  18  72   41  151  103  204  111  107  100  121  323  100  82  138  78  144  93  180  104  46   56  >100  >100  >100  >100  >100  >100  36  95  >100  >100  >100  >100  75  21  >100 39 37 2A  3A  4A  5A  6A  7A  8A  9A  lOA  llA   12A  13A   220  94  202  225  295  237  223  177  243  143  99  181  121   78  16  66  43  120  31  90  18  123  19  78  15  65  14  130  54  123  24  78  28  54  28  85  22  57  22 The cpm for chased proteins was multiplied by 0.87 to adjust the recovered cpm to compensate for total cpm recovered in 25-h chase membrane lysate.
The cpm for chased proteins was multiplied by 0.76 to adjust the recovered cpm to compensate for total cpm recovered in 25-h chase membrane lysate.
proteins localized to endosomes at steady state are in the act of recycling is based on measurement of the distribution and internalization rates of receptors for extracellular ligands (e.g., transferrin, low density lipoprotein, asialoglycoprotein, mannose 6-phosphate) that undergo extensive recycling (22) (23) (24) (25) . By a number of criteria, a large pool for each of these model recycling proteins is localized to endosomal membranes in addition to the cell-surface pool. Moreover, there is a direct correlation between receptor distribution and rates of internalization for the mannose-6-phosphate receptor and its site-directed mutants that are less efficiently internalized than the normal receptor protein (25) . Therefore, plasma membrane proteins exhibiting large endosomal pools would be expected to recycle frequently. Those proteins restricted to the cell surface, on the other hand, would be expected to recycle far less frequently than those having significant intracellular pools. Given the assumption that proteins derivatized at 20'C but resistant to avidin blocking or glutathione stripping at 00C are recycling more frequently than those proteins derivatized at 0C, there is a clear difference in the turnover rates for recycling proteins compared to cell-surface-restricted proteins that recycle infrequently. Eleven of 20 surfacerestricted proteins in 3T3 cells and 14 of 16 of those in hepatoma cells exhibited no detectable loss of label in a 25-h chase (Table 1 ). With only one or two exceptions, the remaining cell-surface-restricted proteins in both cell types were also degraded slowly. Thus, the observed metabolic stability calculated for these proteins is strikingly different for those bimodally distributed between cell-surface and intracellular pools. The latter group of7 proteins in hepatoma cells and 13 proteins in 3T3 cells all exhibited half-lives of 31 h or less, except for 3 that may have longer half-lives or, more likely, were incorrectly grouped with regard to their compartmentation properties. In both cell lines, some proteins were noted that did not show a clear-cut distribution between those confined solely to the cell surface and those found partly in the intracellular compartment. Proteins chosen for analysis, however, were all that showed a clear cell surface only or bimodal distribution between the cell surface and the intracellular compartment and that were absent or greatly reduced in concentration from among those proteins from underivatized cells that bound to streptavidin/agarose.
The conclusion we draw from the data presented is that the stability of plasma membrane proteins is determined by their frequency of recycling. Proteins that recycle more frequently are degraded more rapidly. The clear implication from this conclusion is that plasma membrane protein turnover is purely stochastic: the greater time spent inside the cell increases the probability of encountering events that lead to the degradation pathway. These events could include proteolysis by endosome-specific proteases, membrane fission leading to vesicle maturation, or nonselective membrane transfer into separately generated late endosomes/lysosomes. It would follow that identical proteins may have strikingly different turnover rates in different cells. These rates would reflect differences in coated pit density, lysosome concentration, or other cell-specific properties. This, for example, is seen in the case of the low density lipoprotein receptor, which is degraded with a tl,2 of 15-20 h in fibroblasts (8, 24, 26, 27) , but with a ti/2 of 2-3 h in macrophages (28) or the mannose-6-phosphate receptor, which is degraded with a tol, of 16 h in Chinese hamster ovary cells but with a ti/2 of 39 h in human leukemia cells (29) . The sorting mechanism to separate slowly from rapidly degraded proteins within a given cell type would use signals to recycle frequently or infrequently. Recycling signals could include phosphorylation of critical residues or specific sorting sequences (30, 31) .
The proposed mechanism to explain different rates of degradation for plasma membrane proteins is consistent with previous measurements of cell-surface protein turnover. Degradation rates for receptors undergoing frequent recycling such as those for low density lipoprotein, asialoglycoprotein, tumor necrosis factor, epidermal growth factor, interferon, Fc, interleukin 2, and insulin are relatively rapid compared to bulk plasma membrane turnover (summarized in ref. 2) . A receptor that is more slowly degraded is the transferrin receptor (tl,2, 60 h). As its degradation rate was measured in suspension cells, the unique properties of these cells may affect recycling rate and therefore, indirectly, degradation rate. The bimodal distribution of half-lives found previously for surface-localized proteins in hepatoma cells (5) may also be explained by the presence of nonoverlapping groups of rapidly and slowly recycling proteins. It is also interesting to note that bulk hepatoma membranes turn over more slowly (ti,2, 131 h) than do bulk 3T3 cell membranes (til2, 59 h) as the latter exhibit a greater number of bimodally compartmentalized proteins.
